Introduction
With the increasingly serious world energy crisis and environmental problems, ammonia absorption refrigeration has gradually received more attention to due to its use of a natural working fluid, ammonia, as a refrigerant and its use of low-grade heat (including solar energy and low pressure steam, hot water and other waste heat) as the driving source . Ammonia absorption refrigeration has also attracted attention because of the low freezing temperature of the refrigerant and the absence of crystallization as well as the lack of problems under vacuum conditions (Wu et al., 2014; Chen et al., 2015) , and it has good application prospects in refrigeration and air-conditioning systems. However, the efficiency of the absorption refrigerating machine is still lower than the most commonly used mechanical vapor compression refrigeration system at present; thus, there is great motivation to improve the absorption efficiency for the development of a highly efficient absorption refrigerating machine (Abed et al., 2017) .
Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) When attempting to improve the performance of the absorption refrigeration cycle, the absorber is one of the most critical components to consider. Falling film absorption and bubble absorption are two commonly used modes in absorption refrigeration systems (Kang et al., 2000) . Here, the falling film absorption is that the soluble gas in the absorber is naturally absorbed by the absorbent solution falling down in a thin film along the wall under the force of gravity.
The technologies for enhancing heat and mass transfer in falling film absorption are generally categorized into three methods: the physical treatment, the chemical treatment and the application of nanotechnology (Kang and Kim, 2002) .
The flat falling film, horizontal tube falling film and vertical tube falling film are now the most commonly used falling film absorption forms. The physical treatment method is characterized by keeping the physical properties of the absorption solution unchanged and investigating the wall surface for the falling film by intensifying methods such as the choice of the falling film form (Fujita and Hihara, 2005) , the shape treatment of the falling film surface (Isshiki, 2002) , the treatment of the surface roughness Jou, 1995, 2001) , the change of the falling film flow direction (Cui et al., 2009; Islam et al., 2003; Reindert et al., 1999) and the application of external forces (Alexis and Rogdakis, 2002; Niu et al., 2010; Ventas et al., 2010) . Although the use of these physical treatments promotes the solution absorption rate, the promotion is limited to a certain extent, and there are also some disadvantages, such as a complicated absorber structure due to the special treatment of shape and structure, a high demand for the processing technology and difficulty in cleaning. These disadvantages restrict the widespread use of the physical treatment approach in the absorption system.
The chemical treatment method enhances the falling film absorption process by adding surfactants to alter the physical nature of the absorption liquid. It was reported that surfactants could enhance the mass transfer process in ammonia absorption Glebov and Setterwall, 2002) because the addition of the surfactant decreased the surface tension of the solution, thus increasing the binding capacity between ammonia/water solution and ammonia gas. However, the chemical treatment only enhances the mass transfer rate in ammonia absorption rather than effectively increasing the heat transfer rate, thus inhibiting the further intensification of absorption process to some extent.
The application of nanotechnology to the absorption process mainly consists of adding nanoscale particles (d p < 100 nm) into the absorbent solution at a certain proportion and in a certain way to form a new even, stable and highly thermally conductive working fluid (nanofluid), thus achieving the enhancement of gas/liquid absorption. The nanofluid has unique physical and chemical properties due to the small size effect and the surface effect of the nanoparticles in it and becomes quite an attractive enhancement medium for heat and mass transfer (Lee et al., 1999) . As for the ammonia/water bubble absorber, Lee et al. (2010) , Ma et al. (2007 ), Sheng et al. (2008 , Liu et al. (2009) and Wu et al. (2010) conducted the experiments of absorption enhancement using some nanofluids. The results showed that Al 2 O 3 , FeO, Ag and carbon nanotube (CNT) nanofluids could enhance the ammonia/water bubble absorption in varying degrees. Kang et al. (2008) measured the vapor absorption rate and the heat transfer rate for the falling film flow of binary nanofluids, which in this case were water-lithium bromide solutions with nanoparticles of Fe and CNT, and they found that the mass transfer enhancement was much more significant than the heat transfer enhancement in the binary nanofluids. Yang et al. (2011) conducted analogous experiments on the falling film absorption with ammonia-water and ammonia-water with various kinds of nanoparticles (such as Al 2 O 3 , Fe 2 O 3 and ZnFe 2 O 4 ), and their results showed that the absorption of ammonia was weakened by only adding surfactants or adding poorly dispersed nanoparticles. The nanoparticles with matched surfactants improved the absorption rate of ammonia under the condition that the viscosity of the nanofluid did not markedly increase.
Despite many researcher's efforts (Mehdi Bahiraei, 2016; Ashrafmansouri, 2014; Pang et al., 2015) , the reports on the nanofluid enhancement of ammonia/water falling film absorption are still limited, and the enhancement mechanism of the nanofluids for the ammonia falling film absorption is still not exactly clear. The objectives of this paper were to further investigate the enhancing influence of the nanoparticles in binary nanofluids, such as Al 2 O 3 , ZnO and ZrO 2 , on Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) NH 3 /H 2 O (ammonia/water) falling film absorption under pressure reducing conditions and to explore the mechanism of absorption enhancement by the nanofluids. It is expected that this study will yield some insight on the heat and mass transfer enhancement mechanism in multi-component nanofluids and therefore further improve the present falling film absorption conditions.
Experimental 2.1 Experimental procedures
The ammonia/water falling film absorption experimental setup is shown in Fig. 1 . The main components are the absorber (the test section), an ammonia gas supply system, a cooling water loop and a measurement system. As a main component of the experimental system, the falling film absorber (1) in our work was designed as a concentric sleeve structure with an inner cylinder (16) and an outer cylinder (17), which was made of an organic glass material to conveniently observe the falling film flow status. The absorbent solution forms thin liquid films via a liquid distributor (18) and falls down along the inner wall of the inner cylinder. There is a flow channel between the two cylinders for circulating cooling water that comes from a thermostat tank (2) to remove the heat generated in the absorption process in a timely manner. The size of the inner cylinder of the absorber is 94 mm in diameter and 500 mm in height, and there is a 1 mm gap between the liquid distributor and the inwall of the inner cylinder for forming even liquid falling films. sensor; 4, cooling water loop; 5, initial solution tank; 6, post-absorption solution reservoir; 7, ammonia storage tank; 8, pressure reducing valve; 9, ammonia gas reservoir; 10, check valve; 11, vacuum pump; 12, data acquisition system; 13, pressure sensor; 14; 14a; 14b; 14c, needle valve; 15, flow rate adjusting device; 16, inner cylinder; 17, outer cylinder; 18, liquid distributor; P, pressure signal; T, temperature signal.
Before experiments were conducted, all required liquids were prepared, and the system was checked to ensure no leakage. The parts, including the ammonia gas reservoir (9), the absorber (test section) (1), the post-absorption solution reservoir (6) and the related piping system, were then completely put under vacuum by a vacuum pump (11) to eliminate the influence of non-condensable gases on the absorption performance.
The experimental procedure was as follows: saturated ammonia gas in the ammonia storage tank (7) was Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) decompressed by the pressure-reducing valve (8) and entered the ammonia gas reservoir (9); it then entered the absorber (1) slowly via a check valve (10). When the pressure of the absorber reached a value of 91.5 kPa, the needle valve (14a) was shut down to cut off the ammonia gas supply and keep the absorber at a constant initial ammonia pressure. When a falling film experiment was performed, the valves (14b) and (14c) were opened as required, and the initial absorption solution prefilled in the solution tank (5) flowed into the absorber by gravity. The ammonia gas in the absorber was absorbed by the thin film solution falling along the inwall of the absorber under the action of the absorption driving force. A flow rate adjusting valve (15) was used to ensure the same flow rate of the initial absorption solution in each experiment. The absorption heat generated in the process was removed in a timely manner by circulating cooling water in the cooling loop (4) as required. The solution after absorption was discharged into the post-absorption solution reservoir (6). The pressure in the absorber decreased with the process of falling film absorption (that is so-called pressure reducing conditions). The quantity of ammonia absorbed into the solution during the process was determined by measuring the pre-and post-absorption ammonia gas pressure in the absorber with a pressure sensor (13) and using the real gas state equation. The temperature of the ammonia gas in the absorber was measured using a platinum resistance sensor (3). The real-time temperature and pressure signals were acquired and recorded by a data acquisition system (12). Each experiment was repeated twice to ensure the consistency and reliability of experimental data.
Experimental designs and conditions
Good stability was a key consideration, so Al 2 O 3 , ZnO and ZrO 2 nanofluids were selected as mediums for enhancing the ammonia/water falling film absorption. These nanofluids were provided by Hangzhou Wan Jing New Material Co., Ltd (see Fig. 2 ), and their characteristic parameters are shown in Table 1 . Before the experiment, these nanofluids were diluted to the desired concentrations and placed still for at least 72 hours to confirm the diluted nanofluids dispersed well without precipitation. To study the enhancing effects of the various nanofluids on the ammonia/water falling film absorption process under pressure reducing conditions, we considered the type of nanofluid, the concentration of the nanofluid and the concentration of the initial ammonia solution as key influencing factors. We also conducted the relevant experiments of ammonia/water falling film absorption. The details of the experimental parameters and conditions are shown in Table 2 .
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Experimental data processing
For quantitative analysis of the absorption quantity of the ammonia/water solution during the falling film absorption, the amount of ammonia absorbed was indirectly calculated by the measured pressure change of the absorber based on the real gas state equation as follows:
where m  represents the absorbed gas mass (g), V represents the absorber cubage occupied by the gas (m 3 ), T represents the actual gas temperature (K), M represents the gas molar mass (g/mol), R represents the molar gas constant (8.314 J/(mol•K)), P  represents the pressure change of ammonia gas in the absorber before and after the absorption process (i.e.,
, where fin P and ini P represent the pressures at the final and initial absorption state, respectively) (Pa) and Z represents the gas compressibility factor, which here is approximately equal to one according to the physical properties of ammonia gas within the operating pressure in this work.
For the comparative analysis of the enhancement effect of the nanofluid on ammonia/water falling film absorption under pressure reducing conditions, the average absorption rate and the effective absorption ratio were defined as follows. The absorption rate (AR) is the amount of ammonia gas absorbed by the ammonia-water solution per unit time during an absorption process; it is calculated as the mass change of the ammonia-water solution before and after the absorption process over a certain period of time, namely:
where AR represents the average absorption rate of solution (g/s), t represents the absorption time (s) and the subscripts abs represents the absorption process.
The effective absorption ratio (EAR) quantifies the enhancement effect on the ammonia falling film absorption performance by the nanofluid; specifically, it is the ratio of the corresponding ammonia absorption rate of the base solution with nanofluid to that of the pure ammonia-water solution without nanofluid under the same conditions. This ratio is calculated as follows:
where the subscripts bn and bf represent the nanofluid-based solution and the pure ammonia-water solution,
respectively.
According to the definition of the effective absorption ratio, if EAR is larger than 1.0, the nanofluid enhances ammonia/water falling film absorption; if EAR is less than 1.0, the nanofluid may hinder ammonia/water falling film Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) absorption. If EAR is equal to 1.0, the nanofluid has no effect on the ammonia/water falling film absorption process.
Uncertainty analysis
To estimate the reliability of experimental results, uncertainty analysis for experimental measurement parameters was conducted, as shown in Table 3 . Thereinto, the pressure (p) and temperature (T) are direct measurement parameters, their relative uncertainties can be obtained by the corresponding instrument accuracy. The absorption quantity of ammonia gas ( m  ) is an indirect measurement parameter, which is calculated by Eq. (1), and the relative uncertainty of absorption quantity of ammonia gas can be obtained according to its error propagation formula. It can be seen that the relative uncertainties of these parameters are less than 5%, indicating the experimental measurement results in this work are credible. In Figs. 3-5, we observed that with the process of falling film absorption, the pressure inside the absorber decreased gradually, and the speed of the decrease in pressure (curve slope) also decreased accordingly. Moreover, all of the absorption pressure curves under various concentrations of Al 2 O 3 , ZnO and ZrO 2 nanofluids were below that of pure distilled water; that is, the absorption velocity of the solutions with the nanofluids falling film was faster than those without nanofluid, which is the result of the enhancing effects of these nanofluids on the absorption process. Compared with that of the pure distilled water, the absorption pressure drop of the nanofluid solutions reached their maximum differences at approximately 25 s. After this point, the differences in the pressure drop gradually decreased. This result is because the absorber pressure (i.e., absorption driving force) decreased due to the decrease of the amount of ammonia gas with the process of absorption. When the absorber pressure decreased to a certain value, the absorption driving force was too low to enhance falling film absorption; that is, it restrained the enhancement in absorption by the nanofluid and played a dominant role in the absorption instead, thus making the absorption pressures between the nanofluid solutions and pure water gradually approach each other.
It is further observed in Fig. 3 that the falling speeds of the falling film absorption pressures for the various Al 2 O 3 nanofluid solutions first increased and then decreased with increasing Al 2 O 3 nanofluid concentration before approximately 25 s; that is, there existed an optimum concentration of the Al 2 O 3 nanofluid to achieve the best enhancement of the ammonia falling film absorption. Because approximately the same absorption pressure drop from the initial 91.5 kPa to 20.0 kPa was observed, the absorption process of the Al 2 O 3 nanofluid solution at a mass concentration of 0.2% was shortened at best by 4 s compared with that of the pure distilled water, indicating that the optimum Al 2 O 3 nanofluid concentration for enhancing falling film absorption is 0.2%. It is also seen in Fig. 4 and Fig.5 that the absorption solutions with ZnO or ZrO 2 nanofluids had similar behavior to the Al 2 O 3 nanofluid. Therefore, the optimum enhancing concentration of the ZrO 2 nanofluid was 0.1%. The absorption process of the ZnO nanofluid solution was shortened at best by 5 s at the mass concentration of 0.1% under the same conditions, indicating that the enhancement of the ZnO nanofluid on the absorption rate surpasses that of the Al 2 O 3 nanofluid to some extent.
To further identify the impact of the initial ammonia concentration on the falling film absorption performance enhanced by the various kinds of nanofluids, the corresponding absorption experiments for the initial ammonia mass concentrations of 2.5%, 5.0% and 7.5% were conducted.
Based on the absorption pressure data measured in the falling film absorption experiments, the amount of ammonia absorbed by the various experimental solutions within 25 s was calculated according to Eq. (1) (here, we assume that the absorption enhancement by the nanofluid ended at 25 s), and the AR and EAR were then calculated by Eqs. Figures 6-8 show that the AR curves of all of the various nanofluid solutions with mass concentrations of 0.05%-0.3% were above that of the pure ammonia-based solution. Correspondingly, all of the EARs were greater than 1, which demonstrably indicates that with all other experimental conditions unchanged, only the addition of a certain concentration of nanofluid into the ammonia-based solutions can improve the absorption rate of ammonia in the falling film absorption.
Analysis of influencing factors of enhanced falling film absorption by nanofluids 3.2.1 The influence of absorption pressure (driving force)
Figures 3-5 show that within a certain absorption pressure range (larger than 20.0 kPa), the enhancing effects of nanofluids on the absorption solution were sufficiently exhibited, although the absorption driving force was gradually reduced with the decrease of the absorption pressure, and achieved the best effect at 25 s (corresponding to the absorption pressure of about 20.0 kPa). Nevertheless, after this point, the enhancement of nanofluids was gradually weakened with the decrease of absorption pressure (less than 20.0 kPa), that is, the absorption driving force became too low for the nanofluid to enhance the absorption, and the absorption driving force played a dominant role in influencing the ammonia/water falling film absorption instead (as described in Section 3.1). Just as shown in Figures 3-5 , the absorption solution without nanofluid (which was in a greater pressure) had a better absorption effect than that with nanofluid (which was in a lower pressure) after 25 s. Actually, as long as enough time was given, all the quantitative ammonia gas would be absorbed by the solution whether it contained nanofluid or not. That could not show the reinforcement of nanofluids. Therefore, the absorption pressure (i.e., absorption driving force) is also an important influencing factor in the ammonia/water falling film absorption enhancement by nanofluids.
Considering that the absorption pressure was gradually reducing with the process of absorption in this experimental study, therefore it is reasonable to select the amount of ammonia absorbed within 25 s to discuss the enhancing effects of nanofluids on absorption performance. Also, the absorption pressure less than 20.0 kPa should be avoided in an ammonia absorption system design in order to embody the enhancing effect of nanofluid.
The influence of initial ammonia solution concentration
Figures 6-8 show that all of the AR curves tended to decrease with increasing initial ammonia concentration within the range of 0-7.5%, and this result is because the aborsption potential of the ammonia solution decreases gradually with an increase in ammonia concentration. However, the corresponding EARs in the figures increased with increasing initial ammonia concentration, which is a completely opposite trend compared to that of the ARs. More specifically, the AR of the nanofluid solution increased compared to the solution without nanofluid at the same initial ammonia concentration; in particular, when the absorption potential was smaller, the increasing extent of the AR of the solution was more highlighted under the same conditions. This result indicates that the greater the ammonia concentration (i.e., the smaller the absorption potential of solution), the more obvious the enhancing effect on the falling film absorption performance.
The influence of the type of nanofluid
Nanofluid type and concentration were experimentally examined as two important parameters influencing solution absorption performance. As summarized in Fig. 9 , within the investigated concentrations of the nanofluids, the greatest EARs of Al 2 O 3 , ZnO and ZrO 2 nanofluid solutions were 1.122, 1.132 and 1.105, increasing by 12.2%, 13.2% and 10.5%
relative to that of the pure distilled water, respectively, when the initial ammonia mass concentrations of the solutions Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) were at 7.5%. It is indicated that nanofluids with different nanoparticles could represent different enhancing effects on the ammonia/water falling film absorption under the same conditions. These different enhancement effects are related to the nanoparticles' different physical and chemical properties, such as the size and crystal form of the nanoparticles in solution, dispersion stability, viscosity and surface tension (Sheng et al., 2011; Pang et al., 2012; Wu et al., 2013) . 
The influence of nanofluid concentration
As summarized in Our experimental resluts in Figs. 6-8 also showed that the corresponding optimum concentration for the same kind of nanofluid remained unchanged under the various initial ammonia concentrations; for example, the optimum mass concentration of the ZnO nanofluid was 0.1% for enhancing absorption at the different initial ammonia concentrations
Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) of 0%, 2.5%, 5.0% and 7.5%. This result shows that the optimum mass concentration did not vary with the initial ammonia concentration.
Mechanism analysis of the mass transfer enhancement in ammonia falling film absorption
The modes of mass transfer can generally be divided into molecular mass transfer and convective mass transfer.
Therefore, molecular diffusion is the main mass transfer mode in the gas or liquid phase, and convective mass transfer is the main mass transfer mode at a gas/liquid phase interface. The mass transfer in a falling film absorption process is basically composed of three parts: the molecular diffusion in the gas phase, the convective mass transfer at the gas/liquid phase interface and the diffusion mass transfer in the liquid phase.
At present, there are mainly three different theories for explaining the mechanism of interphase transfer in a gas/liquid absorption process: the two-film theory (Lewis and Whitman, 1924) , the solute penetration theory (Higbie, 1924 ) and the surface renewal theory (Danckwerts, 1951) . However, a combination of the above theories may be available for attempting to exactly explain the mechanism of the complicated nanofluid ammonia falling film absorption process. The mass transfer enhancement caused by the nanoparticles might take place in the internal liquid phase and the absorption interface. This mass transfer enhancement is probably a superposition of a variety of mass transfer enhancement effects, such as the transportation effect of the nanoparticles, the Marangoni convection effect and the vortex transfer effect induced by nanoparticles.
In the nanofluid ammonia falling film absorption process, nanoparticles not only represent a macroscopic movement following the bulk of the liquid phase but also have their own micro-movement in the liquid phase. When a portion of nanoparticles move to the gas/liquid interface, striking and destroying the two-film stagnation layer assumed in the two-film theory, some ammonia gas molecules in gas phase are adsorbed on the surface of the particles. Because of the irregular Brownian motion of the nanoparticles in the liquid phase, ammonia molecules absorbed on the nanoparticle surface utilize the nanoparticles as their carrier to enter into the liquid phase together with nanoparticles, thereby increasing the amount of ammonia molecules in the absorption liquid. In other words, the nanoparticles play an active transportation role in enhancing the absorption of ammonia.
For explaining micro-movement or Brownian motion of nanoparticles are effective on the macroscopic properties such as absorption rate, Kim et al. (2012) measured experimentally the vapor absorption rate and heat transfer rate for H 2 O/LiBr falling film flow of SiO 2 binary nanofluids. It was found that the improvement of vapor absorption rate and heat transfer rate reached 18% and 46.8% respectively at 0.005 vol% of SiO 2 nanoparticles without the surfactant. The authors concluded that the enhancement of the heat and mass transfer performance was just because the convective motion of nanoparticles such as Brownian movement gave a big impact on the absorption performance in binary nanofluids.
Moreover, Keblinski et al. (2002) specially discussed the possibility that the enhancement of thermal conductivity arises from the Brownian motion of the particles. As described by Keblinski et al. (2002) , Brownian motion is characterized by the particle diffusion constant D, given by the Stokes-Einstein formula, that is, D=K B T/(3πηd), where K B is the Boltzmann constant, η is fluid viscosity, T is temperature, and d is particle diameter. With the above Equation , one can estimate the effect of Brownian motion on the thermal conductivity by comparing the time scale of particle motion with that of heat diffusion in the liquid. Ma et al. (2009) also clarified that nanoparticles in binary nanofluid could enhance the thermal conductivity of aqueous ammonia and the heat transfer in the absorption process. The absorption process is a combined heat and mass transfer process. The improvement of heat transfer can decrease the temperature at the gas-liquid interface, heighten the absorption potential of aqueous ammonia, and thus enhance the absorption rate of the ammonia vapor.
In order to explain further the interactive force between the ammonia molecule and the nanoparticle, Rezaeiab et al.
(2017) evaluated experimentally metal oxide nanoparticles such as CuO, ZnO, MgO, and TiO 2 for their ability in adsorption of ammonia from the gaseous streams. They used thermogravimetric analysis (TGA), Fourier transform
Wei-Dong Wu, Jiawei Wu, Wang and Zhang, Journal of Thermal Science and Technology, Vol.12, No.2 (2017) infra-red (FT-IR) spectroscopy, and CNHS analysis to examine the nature of adsorbed species and the mechanism of ammonia adsorption. Results revealed that gaseous ammonia could be transferred to the surface of nanoparicles by three different mechanisms, including hydrogen bonding, dissociative adsorption, and molecular adsorption, and molecular ammonia was adsorbed as the main surface feature at room or lower temperatures with an exothermic nature. The exothermic nature could decrease the surface coverage of NH 3 at high temperature, leading to decreased equilibrium adsorption capacity as temperature increased. Also, adsorptive characteristics of these nanoparticles such as surface area and surface acidity or basicity could be tailored to improve their effectiveness in the absorption of target gases.
As mentioned in the solute permeability theory, a large ammount of eddies caused by the movement of liquid should appear. There could also be a certain vortex body motion (as illustrated in Fig.11 ) due to the irregular Brownian motion of the nanoparticles dispersed in the liquid phase. When the vortex bodies move to the absorption interface along with the motion of the nanoparticles, they are partly updating the interface. According to the surface renewal theory, the interface solution with a higher concentration after absorption would be deeply taken into the liquid phase due to the action of eddies and vortex bodies and be mixed sufficiently; thus, the solution surface would be updated continually.
The more intensive the action of the eddy and vortex body, the faster the surface is updated. This effect is called the vortex effect. The produced vortex effect due to the behavior of the nanoparticles enhances the transfer of solute in liquid phase and the penetration at the interface and strengthens the surface update rate to a certain degree, thus increasing the solution absorption rate and improving the uniformity of mass transfer. In the ammonia falling film absorption process, a slight disturbance initially occurs at the absorption surface due to the flow of the absorbent solution, and it is especially enhanced due to the presence of nanoparticles. Accordingly, wave crests and troughs are formed at the absorption liquid surface (as shown in Fig. 12(a) ). As a large amount of ammonia gas is absorbed near the wave crests at the solution interface, the concentration and the temperature of the solution there increase, whereas the solution concentration and temperature near the wave troughs are lower because there is a negative interphase surface and less absorption. The difference in surface tension (i.e., surface tension gradient) is caused by the difference in concentration and temperature at different regions; this difference in surface tension causes the liquid turbulence of the surface layer (i.e., Marangoni convection) (Tan, 2005; Isvoranu and Staicovici, 2004) .
Specifically, the ammonia solution surface tension decreases with the increase of the ammonia solution concentration and temperature; thus, the surface tension near the wave crests is less than that near the wave troughs. Under the surface tension gradient formed, the ammonia solution with a higher concentration at the wave crests is drawn back to the wave troughs (as shown in Fig. 12(b) ), thereby further enhancing the disturbance at the absorption surface. In order to clarify the different enhancing effects of various nanofluids, Liu et al. (2014) examined the influence of nanofluid's viscosity on the absorption rate at the reference condition, 0.2 MPa absorption pressure and 15% initial mixture's concentration, respectively. It was found that the viscosity had negative impact on the absorption performance and its influence intensity was much greater than that was shown by thermal conductivity under all working conditions.
The absorption rate decreased more than 20% when the viscosity increased by 30%. This confirmed that the viscosity is an important parameter. Furthermore, Deepak Selvakumar and Dhinakaran (2017) investigated the effective viscosity of nanofluids by modifying Krieger-Dougherty model based on particle size distribution (PSD) analysis, and confirmed the effects of cluster volume fraction, nanoparticle diameter and surfactants on effective viscosity of nanofluids. For the purpose of verification, we conducted experimental measurement of viscosities of the nanofluids studied in this work.
The measured viscosities of ZnO, Al 2 O 3 and ZrO 2 nanofluid solutions with the greatest EARs at room temperature are 1.25 mPas, 1.36 mPas and 1.51 mPas, respectively, corresponding to the order of their greatest EARs. This further explains the different effects between Al 2 O 3 , ZnO, and ZrO 2 nanofluids.
To summarize, the transport effect, vortex effect and phase surface Marangoni convection effect induced by the addition of the nanoparticles into the ammonia absorption solution could destroy the two-film stagnation layer assumed in the two-film theory, enhance solute permeability and expedite the update of the absorption surface, thus enhancing the overall absorption performance. These enhancing effects have relationships with nanofluid type and concentration, initial ammonia concentration and absorption pressure and temperature, which would lead to absorption solution's different physical and chemical properties such as viscosity and surface tension.
Conclusions
In this work, we experimentally investigated the enhancing influence of the nanoparticles in binary nanofluids, such  For a larger ammonia solution concentration (i.e., lower absorption potential), the enhancing effect of the nanoparticles on the absorption is more obvious.
 Most kinds of nanofluids have an optimal concentration for enhancing absorption, and the optimum concentrations are not unique. Our experimental results showed that the optimum mass concentrations of Al 2 O 3 , ZnO and ZrO 2 nanofluids are 0.2%, 0.1% and 0.1%, respectively, to achieve their best enhancement effects; moreover, the optimum nanofluid concentration did not vary with the variation of the ammonia solution concentration.
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